I. INTRODUCTION
In advanced semiconductor technology, copper is the material of transistor contacts and interconnects. The high diffusion rate for copper in silicon and silicon-oxides has required the application of diffusion barriers. As the semiconductor industry moves beyond the 30 nm technology, there will be a need to reduce the barrier width below 4 nm while retaining its diffusion integrity and adhesion properties. One possible way for reaching this dimension can be the utilization of self-organised processes to form conformal barrier layers in interconnect structures. Metallization by alloying an appropriate element with Cu which could segregate to the Cu/dielectric interface during subsequent annealing can be a promising solution for this requirement. Among various alloying elements Mn has been reported to form a reliable uniform barrier layer. [1] [2] [3] [4] [5] [6] [7] Beside the barrier-forming ability of Cu-Mn alloys, electrical resistivity, adhesion and surface properties are of importance as well. Though several studies have been made on the self-forming barrier process, few of these focused on the electrical characteristics of the Cu alloy films. 8, 9 During the segregation of Mn from the Cu-Mn alloy to the interfaces the composition and resistivity of layers varies determining the properties of the interconnects formed. Mapping the whole Cu-Mn system will provide a fundamental understanding and assist in the search for optimum parameters for future technological development.
The authors previously investigated the composition dependence of structure and phases of 50 nm thick Cu-Mn films. 10 Plan-view TEM and SAED revealed deviations from the equilibrium phase diagram at room temperature. Three single-phase composition intervals have been identified. In the low Mn content region, below 35 at. % Mn, a Cu-based fcc solid solution was found. Around 50 at. % Mn content the films had a homogeneous low-contrast appearance which indicated an amorphous structure. In the high Mn content zone, around 100 at. %, an a-Mn based solid solution was identified. Based on the topological rules of phase diagrams, it can be concluded that the three singlephase regions must be separated by two two-phase transition regions. However, mapping of these transition zones was not a straightforward matter since detection of an amorphous material as a second, minority phase between crystalline grains is a difficult task.
Electrical conductivity measurements are an effective tool for characterization of alloy films. Besides measuring conductivity, the electrical properties also carry information about the phase state of the alloys. Evaluating the phases and morphologies in the system can also help in determining the electron scattering mechanisms providing essential information for applications. Mayadas-Shatzkes proposed a model 11 which correlates morphology with scattering mechanisms influencing the film resistivity. According to the model, three main scattering mechanisms are simultaneously operating in a thin film system: (i) thermal, (ii) grain boundary, and (iii) external surface scattering. Other mechanisms (e.g., solute scattering) can be added to describe completely the resistivity of the alloy films. In this paper, we report resistivity measurements made over the whole composition range of the Cu-Mn films. The implications from these electrical measurements are correlated with the film structure studied by transmission electron microscopy (TEM) in order to investigate the scattering mechanisms, phase state and also the transitions between phase regions.
II. EXPERIMENTAL
Cu-Mn alloy films were co-deposited in an ultra-highvacuum DC magnetron sputtering system. The targets of Cu and Mn (of 99.99% and 99.95% purity, respectively) were mounted 25 towards the vertical and the rotating substrate holder was positioned 12 cm from them. Cu-Mn thin films of 1 lm thickness were grown at room temperature on oxidized (100) silicon wafers. Prior to deposition the sputtering chamber was evacuated to 5 Â 10 À6 Pa base pressure after which Ar (99.999 % purity) was introduced to a pressure of 2 Â 10 À1 Pa. The targets were pre-sputtered before deposition with shutters closed for 5-10 min. Magnetron powers were adjusted between 0 and 110 W and the deposition rate of the layers was 0.4 nm/s. The resulting series of samples covered the whole composition range in 10 at. % steps of Mn concentration. The compositions as a function of the magnetron powers (P) are shown in Fig. 1 .
Electrical resistivity measurements were performed by the standard van der Pauw method. The temperature dependence of the film resistance (R(T)) was measured in a cryostat. An AC bridge LR-700 (Linear Research) was used for precise measurement of the resistance in the temperature range of 80-320 K. First, the samples were cooled to $80 K then the temperature was gradually raised to 320 K. The samples were heated in vacuum $10 À1 Pa at a rate of 1 K/min. All the R(T) dependences were numerically differentiated in order to obtain the temperature dependence of the temperature coefficient of resistance TCR ¼ 1=R Â dR=dT.
Structural characterization was carried out by conventional transmission electron microscopy using a Philips CM-20 microscope at 200 keV. The cross-sectional TEM specimens were prepared by mechanical polishing and Ar ion-milling. Special Ti supporting discs 12 were used to embed the samples and protect them from heat load during thinning. In order to verify the composition of samples, analytical measurements were made using a Ge detector (NORAN Energy Dispersive Spectrometer system) attached to the CM-20 microscope.
A. Modelling of the resistivity
The resistivity of the samples was modelled by combining the Mathiessen's rule and the Mayadas-Shatzkes 11 model in order to understand the scattering contribution of solute atoms and grain boundaries. As a general approach to describe the resistivity of a bulk material (q 0 ) the Matthiessen's rule can be used: q 0 ¼ q T þ q I , where q T is the temperature dependent part of the resistivity and q I is the residual resistivity. The latter one has a total resistivity which is the sum total of different scattering mechanisms. Generally, in thin film systems, surface-and surface-roughness scattering, solute scattering and grain boundary scattering all should be taken into account.
In the case of the Cu-Mn samples the surface and surface roughness scattering have negligible contribution to the resistivity due to the high (1 lm) thickness of the films compared to the mean free path of electrons (l 0 ). Thus, in the present investigation, the solute and the grain boundary scattering give significant contributions to the residual resistivity.
The solute scattering can be described by Nordheim's rule: q S ¼ Axð1 À xÞ, where x is the atomic fraction of Mn in the alloy and A is the Nordheim's coefficient. The resistivity arising from scattering at grain boundaries, however, cannot be expressed as a component in Matthiessen's rule, since it depends not only on the angle between the incident and scattered electron wave vectors, but also, on the orientation of the grain boundary as well. This contribution can be taken into account according to the Mayadas-Shatzkes model:
where q is the measurable resistivity of the sample, a ¼ l 0 =d Â r=ð1 À rÞ, q 0 is the bulk resistivity, l 0 is the electron mean free path, d is the grain size, and r is the grain boundary reflection coefficient (0 r 1). In our model, the electron mean free path l 0 was calculated by means of the Hall coefficient in the case of pure Mn and Cu-Mn solid solutions. For determining l 0 in solid solutions, the rule of mixture values for the electron density n were also used. The grain size d, as well as the composition interval, where the temperature dependent part of the resistivity q T varies linearly with composition, were estimated from TEM images and r was chosen to give a best fit to the measured data.
III. RESULTS AND DISCUSSION
A. Electrical properties of Cu-Mn alloy films Figure 2 shows the specific resistivity of Cu-Mn films measured over the whole composition range. For the resistivity of the pure Cu film we obtained 1.7 lX cm, while, for pure Mn, the value was 174 lX cm (Table I) There is also a local maximum at the point corresponding to 30 at. % Mn. For comparison, the line connecting the resistivity values of the pure bulk Cu and Mn (q Cu bulk ¼ 1:678 lX cm, 13 q Mn bulk ¼ 144 lX cm 14 ) is drawn in Fig. 2 . This corresponds to the rule of mixtures, i.e., to the expected variation of resistivity with composition when the components do not interact with each other and only thermal scattering contributes. 15 The fact, that the measured curve exceeds the rule of mixtures line over the entire composition interval suggests that the constituent components of Cu-Mn films can form either a solid solution, an intermetallic compound, an amorphous structure, or, a mixture of these. Some structural aspects of these interactions were reported in our previous study. 10 The boundaries between different phase regions can be evaluated from the resistivity curve in Fig. 2 by using the basic principle that changes in composition, morphology and phase change the physical properties of the materials. Consequently, the alterations in resistivity slope can designate different phase regions in the system. According to this, phase boundaries are expected around 20, 40, 70, and 80 at. % Mn content.
The temperature dependence of the resistance (R(T)) was also measured. Fig. 3 shows R(T) for Cu-Mn alloy films with different Mn content normalized to 300 K. The variation of resistance with temperature for the pure Cu film is much stronger than that for the pure Mn film (Fig. 3(a) ). Alloying Cu with Mn (already at 10 at. %) significantly reduces the T dependence of R(T) (Fig. 3(b) ) and makes the R(T) of alloys close to that of pure Mn. This is reflected in the TCR values as well (Fig. 4.) .
The TCR of pure Cu is high (close to the bulk value 16 ), while the TCR of alloy films varies remaining close of the pure Mn value. The deviation of the R(T) curves of the alloys from that of the pure Mn is not large and they look more or less similar to each other. However, the measurement of even such minor differences between them can provide useful information which can be correlated with the relevant structural data.
The film containing 10 at. % Mn shows monotonously increasing R(T) behaviour with a linear dependence in the 200-300 K interval. The corresponding positive TCR implies a metallic type of conductivity. A similar behaviour of the resistivity has been reported by Wu et al. 9 in the 0-10 at. % Mn concentration range of Cu-Mn alloys. The 20 at. % Mn curve, however, decreases in the 200-300 K interval. This tendency continues up to 70 at. % Mn and with increasing Mn content the slope becomes more and more negative. This is also represented in the behaviour of TCR as seen in Fig. 4 . At 80 at. % Mn content these trends reverse; the R(T) curves become concave, their value and slope decrease and approach that of the pure Mn film. The TCR of these alloys is negative and tends to the TCR value of pure Mn with increasing Mn content. The negative TCR can be attributed to the presence of disordered structures with weakly localized electrons and very high frequency of scattering which results in lower conductivity. [17] [18] [19] This correlates well with the observation of our earlier work, where amorphous structure was found in the middle of the composition range. 10 A study of the temperature dependence of the negative TCRs can reveal details of the electronic behaviour and structural differences in these films. Two types of TCR(T) curves were obtained (Fig. 5) . Between 40 and 60 at. % Mn content the TCR curves show a decreasing character with increasing temperature (Fig. 5(a) ) while at 70 and 80 at. % Mn content they are less temperature dependent (Fig. 5(b) ). This dissimilarity between the behaviour of TCR(T) suggests that there should be a structural difference in the corresponding films. In all TCR(T) curves a local minimum (Fig. 5) is also observed in the $270-310 K temperature interval presumably caused by a magnetic transition. Gibbs 20 and Chouhan 21 showed in Cu-Mn alloys a transition from paramagnetic to a mixture of spin glass and antiferromagnetic states occurring below 200 K. A similar transition can be assumed in our samples, though the critical temperatures are higher. The structural differences between amorphous thin film and polycrystalline bulk samples can cause this kind of shift. The composition dependence of the transition temperature (Fig. 5 ) still obeys the same tendency as observed by Gibbs 20 and Chouhan.
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B. Structure of the films
As revealed by electrical measurements, the Cu-Mn system has several phase intervals as a function of composition. The characteristic morphology and phase state of these structures was investigated by cross sectional TEM. Fig. 6 shows an overall view of the pure Cu and Mn layer deposited on top of each other. One can see a significant difference between the morphology of the two layers. The pure Cu film (upper part of Fig. 6 ) has a substantially larger grain size. Its column width is equal to the film thickness which corresponds to columnar growth in zone II according to the general model of the morphological development of thin films. 22 Consequently, at higher thickness, e.g., 1 lm, also the grain size is around 1 lm. The pure Mn film has much narrower columns corresponding to zone I morphology with a column diameter around 15 nm. Fig. 7 shows the characteristic structure of Cu-Mn alloy films of each phase interval revealed by electrical measurements. The characteristic diffraction patterns of the three phase-types are shown in Fig. 8 . The alloys grow with a similar morphology essentially to that of pure Mn; however, their grain size varies with the Mn content. In addition, in the middle of the alloy concentration range, an essentially different structure appears which is not expected according to the equilibrium phase diagram. 10, 23, 24 In this interval, between 40 and 70 at. % Mn content, the layers do not show any crystalline structure and the diffraction peaks are broad indicating amorphous structure (Figs. 7(c) and 8(b) ).
In Figs. 7(b) and 7(d), it is observable that the columns are not clear and do not extend through the whole thickness of the film as would be expected in the case of a single-phase structure 22 like pure Mn and the 10 at. % Mn content film (Figs. 7(a) and 7(f)). The 10 at. % Mn layer has even clearer and longer columns (though we have some artefacts in Fig. 7(a) coming from the thinning method) than those of the layers containing 20 and 80 at. % Mn. The columns, which are much shorter than the film thickness, imply that their growth is hindered during the film development and new columnar grains start growing on their surfaces. The phenomenon is referred to as repeated nucleation 25 and is attributed to the formation of a thin covering layer on the growth surface. The phase of the covering layer is different from the phase of the columns and it forms from the condensed species which are not being incorporated into the crystal structure. The grains exhibit fcc structure in copper-rich alloys and a-Mn structure in Mn-rich alloys as indicated by Figs. 8(a) and 8(c), while the covering layers do not add reflections to the diffraction patterns.
To obtain structural information on this covering layer in films showing repeated nucleation, higher magnification and phase contrast imaging conditions were used. The reversal of grain boundary contrast between under-and over focused 
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images (Figs. 9(a) and 9(b), respectively) suggests the presence of a second, less dense phase in them. In general, for similar compositions, the density of the amorphous phase is lower than that of the crystalline. Accordingly, this can be interpreted as the detection of an amorphous layer in the grain boundaries. As a consequence these films should be considered two-phase alloys. This is in good agreement with the TCR measurement, where an amorphous fraction in the structure of the films was assumed. On this basis the morphology of the two phase films can be imagined as a thin amorphous layer surrounding the crystalline grains as illustrated in Fig. 10 .
Our observations testify that the transition from the two-phase crystalline to single-phase amorphous structure is rather abrupt especially in the Cu-rich alloys. According to our earlier results, 10 Cu can form supersaturated solution up to $35 at. % Mn, however, the degree of supersaturation depends on the Mn content of the alloy. The crystalline grains of the two-phase films nucleate from the mixture of component atoms in the initial stages of growth. The higher the Mn content, the more supersaturated the nucleating crystallites become. However, the nucleation conditions of the crystalline alloy phase significantly change at the composition of the highest supersaturation (at $35 at. % Mn). At this composition a crystalline Mn phase should also nucleate, according to the phase diagram. Nevertheless, this cannot occur probably due to the extremely large unit cell of the a-Mn phase and the kinetic limitations during film growth assignable to deposition conditions. Thus phase separation cannot occur and an amorphous structure develops. The transition from two-phase crystalline to single-phase amorphous films takes place in a similar way in Mn-rich alloys as well.
The lateral grain sizes and corresponding phase state derived from the TEM images are listed in Table II .
C. Modelling of the resistivity
By exploring the connection between the established phases and the measured conductivity a model has been worked out. Composition of the resistivity curve from its components according to different scattering mechanisms shows how characteristic these mechanisms are for the observed phases and how these components are dependent on film composition. For the basic scattering mechanisms of the rather complex system, the following composition dependences can be considered.
The solute scattering of solid solutions is usually described by a parabolic curve. In the Cu-Mn thin film system this approach can also be used, as the solute content is continuous for all compositions. The Nordheim's coefficient of the curve can be estimated from the measured resistivity by linear approximation at low Mn concentrations, giving A ¼ 276 lX cm. This value is in good accordance with A ¼ 249 lX cm measured on bulk wire samples by Otter. 26 The simplest description of the thermal scattering could be the linear interpolation between the resistivity of pure components. This would be a valid approximation for the structure comprising a mixture of crystallites of the pure components. However, there are solid solutions at the two ends of the concentration regions, where the effect of solutes has already been accounted for by the solute scattering component. At these concentrations the thermal component will be expected to be independent of composition. Hence, the linear interpolation for thermal scattering starts at the end of solid solution regions.
By summing up the resistivity contributions of the two scattering mechanisms the reliability of the approaches used can be shown (Fig. 11) as it describes the measured resistivity quite satisfactorily. At 10 at. % Mn content the same value of 25 lXcm is obtained as by Otter 26 and Domenicali 27 for a wire sample. The curve fits well to the measured one also in the amorphous region (40-60 at. % Mn), where no other scattering mechanisms are assumed. The sum underestimates the resistivity of the film at 20 and 30 at. % Mn and from above 70 at. % Mn (Fig. 11) . The difference can be attributed to scattering at grain boundaries, which was calculated (Eq. (1)) by fitting the experimental data. For the calculation of the grain boundary reflection coefficient (r) grain size (d) and electron mean free path (l 0 ) had to be determined at each composition.
Grain size was obtained from cross-sectional TEM images by measuring the diameter of the columnar grains. For pure Cu l 0 was taken from the literature 11, 13 to be around 40 nm. For Mn, it was calculated from its Hall coefficient R H , which is À0:93 Â 10 À4 cm 3 =C. 28 l 0 can be expressed as
2 nÞ is the Fermi velocity and s ¼ m=ðq 0 e 2 nÞ is the relaxation time. The electron density n ¼ 1=ðR H Â eÞ can be calculated from the Hall coefficient. In the solid solutions l 0 was determined by using the rule of mixture values for n electron density (Table II) . The resulting r values obtained from these data are listed in Table II. The grain boundary reflection coefficients (r) are plotted in Fig. 12 . The r values of pure Cu and 10 at. % Mn films are close to each other and are 0.24 and 0.27, respectively. Mayadas et al. calculated a similar reflection coefficient for Cu samples.
11 Films in the 40-70 at. % Mn interval exhibit no grain boundaries according to TEM measurements, thus no r was calculated here. In the two-phase (20-40 and 70-90 at. % Mn) regions the r values fall between 0.6 and 0.8 indicating the high scattering effect of the grain boundaries. This suggests the presence of a special, less conductive grain boundary structure in these films providing further evidence of the existence of an amorphous grain boundary layer, as illustrated in Fig. 10 . For pure and 90 at. % Mn content films the calculated r values are unexpectedly high. The singlephase nature of these films would imply smaller r compared to two-phase films. However, in the high Mn content samples d and l 0 are small resulting a higher r. Beside this, further TEM investigation of pure Mn films revealed the fragmentation of Mn columns, a result which still needs further confirmation. Utilizing these later investigations a smaller r would result, but the influence also of further scattering mechanisms cannot be excluded.
Apart from leaving the question concerning the grain boundary properties of Mn based solid solutions open, the model gives strong evidence for the maxima of resistivity in the two-phase regions. Generally, in a binary system, the resistivity of the two-phase structure is expected to be smaller than that for the corresponding solid solution. However, if the two phases form a particular morphology, new scattering mechanisms can become effective resulting in an increase of resistivity. The presented model confirms the special arrangement of the phases in the Cu-Mn system. The amorphous grain boundary layer around the crystalline Cu-or Mn-rich solid solution grains results in an additional contribution to the grain boundary scattering mechanisms through higher r values. With the help of this contribution, the resistivity maxima in the two-phase regions can be understood. By understanding the unusual composition dependence of the resistivity of Cu-Mn films and taking into account the TEM results it is possible to specify the location of phase regions in the system, as shown schematically in Fig. 13 .
IV. SUMMARY
Cu-Mn alloy thin films were deposited by DC magnetron sputtering at room temperature. The specific resistivity of films measured over the whole composition range shows monotonous increase in the 0-80 at. % Mn interval with a 205 lX cm maximum at 80 at. % Mn. There is also a local maximum at the point corresponding to 30 at. % Mn. The alterations in the slope of the resistivity curve designated the different phase regions in the system. According to this, boundaries of phase intervals are identified at 20, 40, 70, and 80 at. % Mn content. A correlation was found between these intervals and the structure of the corresponding films. Crosssectional TEM investigations revealed that, in the 0-20 at. % and 80-100 at. % Mn intervals, the films exhibited columnar, single-phase structure. Also a single-phase but amorphous structure exists at the 40-70 at. % Mn interval, whereas, for 20-40 at. % and 70-80 at. % Mn content, two-phase structures were found. The two-phase nature of these films was confirmed not only from the structural data but also by TCR measurements and by modelling of the scattering mechanisms in the system. Negative TCR values indicate the existence of a non-metallic, amorphous component, while the calculated high grain boundary reflection coefficients suggest its alignment along the grain boundaries. The proposed model provides an explanation for the resistivity maxima indicating that, in binary systems, the special arrangement of the two phases introduces new scattering mechanisms resulting in an increase in resistivity. We suppose that the model can be applied for a broader class of composite thin films.
Our results also suggest that, for integrated device applications, other composition ranges are worth consideration in addition to low Mn content solid solutions. The lack of grain boundaries makes amorphous films viable for the formation of a thin, conformal barrier layer, and, moreover, their resistivity compares well with that for the recently used Ta/TaN layers (140 lX cm (Ref. 29) ).
